The versatile properties of graphene-based materials are enabling various tissue regeneration, towards meeting an ever increasing demand for replacement tissues due to injury through trauma and disease. In particular, an innate ability for graphene to promote osteogenic differentiation of stem cells, combined with the potential to enhance the biological activity of cells through electrical stimulation (ES) using graphene, supports its use for osteoinduction or reconstruction. In this paper, we describe a miniaturized graphene-cellulose (G-C) scaffold-based device that incorporates electroactive G-C 'paper' within a polystyrene chamber for concomitant cell culture and ES. The G-C electrodes possessed lower impedance and higher charge injection capacity than gold (Au) electrodes, with high stability. By coupling ES with previously reported properties of the G-C scaffolds, we have advanced the platform for improved adipose derived stem cell (ADSC) support and osteogenic differentiation. We anticipate using the G-C scaffold-based ES device for in vitro modelling of osteogenic induction, bone tissue engineering and in vivo bone regeneration towards new therapeutic strategies for bone injury and disease. Furthermore, the device could reasonably be used for ES and culture of other cell types and engineering other tissues. The versatile properties of graphene-based materials are enabling various tissue regeneration,
Introduction
An increasing demand for bone implants worldwide due, in part, to rising life 2 expectancy is driving the development of bone tissue engineering approaches to treat injury 3 from trauma and disease. Human adipose stem cells (ADSCs) offer significant potential for 4 bone tissue engineering since they are easy to source as self-renewing cells that can be 5 expanded to large cell numbers ex vivo. They also undergo osteogenic differentiation and can 6 be used for autologous therapy [1, 2] . Graphene, as an important carbon nanomaterial, is 7 distinguished by its superior performance for a variety of biomedical applications, including . Notwithstanding the putative benefits of ES, there is a need for advanced biocompatible 23 ES devices that omit the use of conventional electrodes such as metal electrodes for more 24 optimal cell-compatibility, avoiding, for example, unwanted biochemical effects of corrosion 25 and poor physical integration with cells and tissues [7] . 26 We and others have shown that graphene-based materials are capable of supporting and 27 enhancing stem cell growth and differentiation towards osteogenic lineage [16] [17] [18] [19] . Most 28 recently, we have reported the development of graphene-cellulose (G-C) 'paper' for 3D human 29 ADSC support and osteoinduction [20] . The G-C paper is electrically conductive, has an 30 intricate 3D architecture, is robust, flexible, cytocompatible, easy-to-fabricate and amenable 31 for large-scale production [20] , and is therefore advantageous over other graphene-based 32 scaffolds [17, 21, 22] . Here we describe the use of our G-C paper to develop a device for 1 augmented osteogenic differentiation by ES of ADSCs. Briefly, the G-C paper was applied as 2 a cell supporting electroactive scaffold for externally applied ES using an electrical stimulator.
3
We have shown that the G-C scaffold electrode is stable and can achieve lower impedance and 4 higher charge injection capacity than an Au electrode. ADSCs can be maintained on the 5 scaffold with externally applied ES augmenting stem cell proliferation and osteogenic 6 differentiation. The platform is both scalable and potentially adaptable to a variety of other 7 cells and tissues, for use in basic research through to clinical-grade tissue development. 
Preparation of G-C scaffolds

24
An aqueous graphene oxide (GO) suspension (4.5 mg/ml) was synthesized by modified
25
Hummers method and used for G-C scaffold fabrication [20, 23] . G-C scaffolds were prepared 26 according to previously described method [20] . Briefly, cellulose tissue paper (Kimberly-
27
Clark, Australia) was laser cut (ULS PLS6MWLaser Engraver) to 1.5 cm × 3 cm size,
28
deposited with 45 μl of 4.5 mg/ml GO aqueous dispersion, and dried at 100 o C for 2 min using 29 a hotplate. The GO coating and drying was repeated 3× followed by reduction in 50 mM L- The fabricated G-C scaffolds were assembled into an ES device as illustrated in Fig. 1 .
5
Strips of G-C scaffolds (3 cm × 0.5 cm) were mounted in parallel onto a glass slide (Sail Brand, (World Precision Instruments, USA) were used to transform waveforms into current output,
10
while the system was monitored by an e-corder system (eDAQ Pty Ltd, Australia). The
11
following day, the devices with cells were subjected to 1 h symmetric biphasic square pulses way ANOVA was set at P < 0.05. If homogeneity of variance was not satisfied (P < 0.05),
statistical significance of two-way ANOVA was set at P < 0.01. Morphology and microstructure of the G-C scaffold were assessed by SEM ( Fig. 2A-16 C). Graphene was uniformly deposited onto the cellulose substrate and showed porous features 17 decorated through the structure ( Fig. 2A) . Cellulose fibres were entirely coated with graphene 18 and graphene layers bridged between fibres (Fig. 2B-C) . Raman spectrum shows two (Fig. 2D and S1A) . The bands reflect graphene structure disorders and degree scaffold, GO-cellulose scaffold, and uncoated cellulose scaffold ( Fig. 2E and S1B-C) . The C 28 1s spectra were deconvoluted into five carbon related functional groups, which mainly consist with Au electrode. CV was used to determine the charge storage capacity (Fig. 3A) . Due to the Furthermore, EIS and surface morphology of G-C scaffold electrode remained stable after 1000 17 treated cycles during CV (Fig. S2A-B) , indicative of stable performance over long-term ES. The G-C scaffold-based ES device comprised ES chambers for culturing and treating 21 cells in vitro (Fig. 4A-B) . The fabrication strategy is flexible for scale-up both in terms of (Fig. 4C) .
26
Evaluation of ES on ADSC viability under different applied voltages
27
Since the magnitude of the biphasic square pulses has an effect on cell viability, a series 28 of electrical fields with different strengths were applied to determine optimal ES. As shown in (Fig. 6 A-B and, therefore, modelling (Fig. S3A) . The probability density of cell orientation has a narrow 14 peak near 90° for ADSCs cultured with ES ( Fig. S3A-B) , while ADSCs cultured without ES
15
showed random orientation ( Fig. S3C-D) . Importantly, the supporting G-C scaffolds remained enhanced by ES treatment (Fig. 8A-D) . Quantifying by colorimetric detection demonstrated 6 higher mineral deposition of samples cultured in differentiation medium compared to normal 7 growth medium, with the effect of differentiation medium significantly bolstered by ES ( without ES (ADSCs+DIF) (Fig. 9) . This phenomenon may be due to the synergistic effect of We present here the fabrication and utility of a miniaturized, multi-chamber ES device 5 that incorporates our previously described cell supporting G-C scaffold. The as-developed ES 6 device can be employed for in vitro ADSC proliferation and osteogenic differentiation without 7 compromising the integrity and electrical performance of the G-C scaffold for at least 21 days.
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The device can be easily assembled with our previously developed conductive G-C scaffold 
